The plant cell wall is composed mainly of a complex aggregation of polysaccharides, such as cellulose, hemicellulose [xylan, mannan, glucomannan, ␤(1,3-1,4) D-glucans, laminarin], and pectin. This composite structure makes it a robust material that is recalcitrant to degradation. A number of microorganisms are able to degrade the plant cell wall components, essentially through the action of various glycosyl hydrolases; the oligomers and/or monomers produced are used as carbon and energy sources. Cellulolytic microorganisms secrete several cellulases, which cleave the ␤-1,4-glycosidic bonds that link the glucose units in the cellulose chains; they often also produce specialized enzymes (mannanases, xylanases, lichenase, pectate lyase) that hydrolyze the associated noncellulosic polysaccharides (2, 13) . The actions of these enzymes allow cellulases to access the cellulose.
The cellulolytic mesophilic anaerobic bacterium Clostridium cellulolyticum secretes multienzyme complexes called cellulosomes. In the cellulosomes, several different enzymes displaying various substrate specificities and modes of activity are associated with a scaffolding protein designated CipC (9) . CipC mediates attachment of the cellulosomes to cellulose through a carbohydrate binding module and anchors the dockerin-containing enzymes on its eight hydrophobic cohesin domains (18, 20) . The enzymatic composition of the cellulosomes is probably regulated by the amounts of the different available dockerin-containing enzymes since the cohesin-dockerin interaction has been shown not to be enzyme specific (7, 8, 19) . In C. cellulolyticum, most of the known genes coding for cellulosomal components are in a 26-kb cluster, the cipC-cel48F-cel8C-cel9G-cel9E-orfX-cel9H-cel9J-man5K-cel9M-rgl11Y-cel9N cluster (1, 3, 21) . These genes mainly encode endocellulases and processive cellulases, including the major processive cellulase Cel48F (9, 26) . The cel cluster also encodes two helper enzymes, the rhamnogalacturonan lyase Rgl11Y (21) and the mannanase Man5K (GenBank accession number AF316823).
C. cellulolyticum is a cellulosome-producing bacterium for which genetic tools are available (12, 14, 16, 24, 28) . It has been shown in three different studies that the cellulolytic capacity of this organism might be genetically engineered. An increase in its capacity to degrade cellulose has been achieved by cloning an additional fermentation pathway (12) . On the other hand, in vivo modification of the cellulosome enzyme composition has been accomplished by using antisense RNAs targeted against cel48F mRNA (24) . Furthermore, an engineered expression vector, pSOS952 (23) , has been successfully used to perform cipC transcomplementation of a cipC insertional mutant (16) .
The aim of the present work was to test the possibility of increasing the amount of one defined enzyme in the cellulosomes by overexpressing the corresponding gene in C. cellulolyticum. We first purified and characterized the recombinant form of the cellulosomal mannanase Man5K, which was overproduced in Escherichia coli. Then we transformed C. cellulolyticum with expression vectors harboring the man5K gene and analyzed the modified cellulosomes that were purified from the transformants. We thus explored the possibility of designing, by genetic engineering of C. cellulolyticum, functionally tailormade cellulosomes displaying a preferential and/or new substrate specificity.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. E. coli DH5␣ (Life Technologies), E. coli BL21(DE3) (Life Technologies), and E. coli SG13009(pREP4) (QIAGEN) ( Table 1) were grown at 37°C in Luria-Bertani medium supplemented with appropriate antibiotics (100 g of ampicillin per ml, 50 g of kanamycin per ml). C. cellulolyticum ATCC 35319 (25) was grown anaerobically at 32°C on basal medium (10) supplemented with either cellobiose (2 g/liter; Sigma-Aldrich) or MN300 cellulose (5 g/liter; Serva). To select and maintain recombinant C. cellulolyticum strains, erythromycin (10 g/ml) was added to the medium. Colonies of recombinant C. cellulolyticum strains were isolated on solid medium (basal medium supplemented with 2 g of cellobiose per liter, 15 g of agar per liter, and 10 g of erythromycin per ml) under the anaerobic atmosphere of a glove box ( The plasmid vectors used were pGEMT-Easy (Invitrogen) for cloning a PCR fragment and pET22bϩ (Novagen) for overexpressing man5K in E. coli. pSOS95 (kindly provided by P. Soucaille, INSA, Toulouse, France) and the derivatives pSOS952 (23), pSOS954, and pD3 (this study) were used for overexpressing man5K in C. cellulolyticum. pSOSzero (24) was used as the reference empty expression vector in C. cellulolyticum.
Production of Man5K in E. coli. The region of the man5K gene that encodes the mature protein was amplified by PCR by using oligonucleotides manK dir (5Ј-GATTCCATATGGCGACATACAAACTT-3Ј) and manK rev 1 (5Ј-GGGCT CGAGTCTGACGTCAGGATG-3Ј). These primers introduced NdeI and XhoI sites (underlined) upstream and downstream of the coding sequence, respectively. One ATG initiation codon (boldface type) was included in the first primer. The 1.3-kb DNA fragment was amplified by PCR. Since man5K contains an internal NdeI site, two steps were necessary to clone the 1.3-kb DNA fragment into pET22b(ϩ). The PCR fragment was first digested with NdeI and EcoRI. The resulting 0.4-kb NdeI-EcoRI fragment was cloned into NdeI-EcoRI-linearized pET22b(ϩ), resulting in pET-K1. Then the PCR fragment was digested with EcoRI and XhoI, and the resulting 0.9-kb EcoRI-XhoI fragment was cloned in EcoRI-XhoI-linearized pET-K1. The resulting plasmid, pET-K, contained the coding sequence for the Man5K mature protein fused in frame at its C terminus with a sequence encoding six histidine residues (His tag). Plasmid pET-K was used to transform BL21(DE3) cells to produce the recombinant protein.
Expression vectors for C. cellulolyticum. The expression vectors pSOS952 and pSOS954 were derived from the E. coli-Clostridium shuttle vector pSOS95 (Table  1 ) (29) . These vectors were constructed for cloning genes between the constitutive promoter of the thiolase gene and the transcriptional terminator of the adc gene (encoding acetoacetate decarboxylase) by using BamHI and NarI sites. pSOS952 (23) and pSOS954 contained a regulatory region composed of two lac operators (21 bp each), which allowed negative modulation of the level of expression of the gene which follows the thiolase promoter in E. coli. This regulatory region was added to facilitate cloning of the genes encoding a heterologous secreted protein which may be toxic. We constructed pSOS954 by using the procedure described previously for pSOS952 (23) . In the pSOS954 vector, we introduced one additional mutation (A3T) in the Ϫ35 box of the thiolase promoter. This mutation was introduced by insertion of the first lac operator into the pSOS95 vector by using primer SosAm (5Ј-TCCTGCAGGTCGACTTTTT AACAAAATATATTGATTAAAATAATAAT-3Ј; a SalI site is underlined, the Ϫ35 box is indicated by boldface type, and the mutation is indicated by boldface type and underlining) instead of the SosA primer used for construction of pSOS952 (23) .
The expression vector pD3 was derived from pSOS95 by replacing the thiolase promoter with the 377-bp fragment located upstream of the cipC coding sequence. The 5Ј end of the cipC gene was synthesized by PCR by using forward primer cipP dir (5Ј-GTCGACTATGTAGCTGTAAGCATTAT-3Ј), reverse primer cipP rev (5Ј-GGATCCACATGAAAACCATTTGG-3Ј), and genomic DNA as the template. The forward and reverse primers were designed to anneal 391 and 25 bases upstream of the ATG initiation codon of cipC, respectively, and to contain one SalI site and one BamHI site, respectively (underlined). The PCR fragment hypothesized to carry the cipC promoter was cloned into the pGEMTEasy vector. The 377-bp BamHI-SalI fragment of the resulting vector was inserted between the SalI and BamHI sites located upstream of the adc-ctfA-ctfB operon in pSOS95.
Cloning of the man5K gene into C. cellulolyticum. A chimeric cipC-man5K coding sequence was amplified by two PCR steps by using C. cellulolyticum genomic DNA as the template. The first PCR step generated a 133-bp fragment encoding the 5Ј end of the cipC gene, including 25 bp upstream of the ATG start codon and the first 90 bp of the coding sequence. This fragment, synthesized by using primers SScipC dir (5Ј-AGGGATCCTAAAATAAAAAATAGGAGGTTT ACAATG-3Ј; BamHI site underlined) and SScipC rev (5Ј-CCAAGTTTGTAAG TACCTGCTGCAAAAGCTGTA-3Ј), contained the cipC ribosome binding site and encoded the CipC signal sequence (SSCipC). A 1,211-bp PCR fragment was synthesized in a second step by using primers ManK mat (5Ј-GCAGGTACTTA CAAACTTGGTGATGTTGACAAT-3Ј) and ManK rev 2 (5Ј-TTTCCGGCGCC TTATCTGACTACGTCAGGATGCTCT-3Ј; NarI site underlined). This fragment contained the sequence coding for mature Man5K. Both fragments were combined by overlap extension PCR performed with the external primers SScipC dir and ManK rev 2. The SSCipC-Man5K-encoding DNA (1.3 kb) was subsequently digested with BamHI and NarI and ligated into BamHI-NarI-digested pSOS952, pSOS954, and pD3, resulting in vectors pSOS952K, pSOS954K, and pD3K, respectively. The expression vectors were treated with MspI methylase (New England Biolabs) before C. cellulolyticum electrotransformation (14, 28) . Electrotransformed cells were incubated overnight in cellobiose-supplemented basal medium without any antibiotics and then subcultured in fresh medium supplemented with erythromycin to select for transformants. Erythromycin-resistant colonies were isolated on solid medium supplemented with erythromycin. Purification of rMan5K produced in E. coli. Recombinant mannanase 5K (rMan5K) was purified as follows. E. coli BL21(DE3)(pET-K) was grown at 37°C with shaking to an optical density at 600 nm of 0.7. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 100 M, and the culture (3 liters) was incubated with shaking at 25°C for 15 h. The cells were then harvested by centrifugation and broken in a French press. The supernatant was loaded onto a 3-ml Ni-nitrilotriacetic acid column, and the His-tagged protein was eluted from the column with imidazole. The eluate was dialyzed and concentrated with an Amicon concentrator in 50 mM phosphate buffer (pH 7. Purification of the cellulose-adsorbed cellulolytic system from C. cellulolyticum. The Clostridium strain was grown in 400 ml of cellulose-supplemented basal medium for 6 days. The culture was filtered through a 3-m-pore-size GF/D glass filter (Whatman). The retained cellulose was washed with 500 ml of ice-cold 50 mM phosphate buffer (pH 7) and then with 500 ml of 12.5 mM phosphate buffer (pH 7). Bound proteins (mainly cellulosomes) were eluted with 100 ml of icecold MilliQ water. Cellulose residues were removed by centrifugation of the eluted fraction. The supernatant (Fc fraction) was concentrated in a stirred ultrafiltration cell equipped with a polyethersulfone ultrafiltration membrane (10-kDa cutoff; Amicon) and subsequently stored at Ϫ20°C. Protein concentration was determined by the method of Lowry et al. (15) .
N-terminal sequencing. The N-terminal amino acid sequence was obtained with an Applied Biosystems 470A sequence analyzer with the proteins blotted onto polyvinylidene difluoride.
Enzyme assays. Galactomannans were used as substrates for mannanases and mannanase-enriched cellulosomes. These substrates are composed of a linear homopolymer of mannose linked by ␤-1,4 bonds substituted with ␣-1,6-galactose side chains. In locust bean gum (LBG) and guar gum (Fluka), the mannose/ galactose ratios were 4:1 and 2:1, respectively. The soluble carboxymethyl cellulose (CMC) (medium viscosity; Sigma) and the insoluble Avicel microcrystalline cellulose (PH101; Fluka) were also tested. All these substrates were prepared in 20 mM Tris-maleate (pH 6.0). Guar gum and LBG were washed three times before use. Enzymatic assays were performed at 37°C. A suitable amount of the Fc fraction was diluted in 1 ml of 20 mM Tris-maleate (pH 6.0) and then mixed with 4 ml of a preincubated substrate preparation at a final concentration of 0.8% (CMC, Avicel) or 0.5% (LBG, guar gum). After various incubation times aliquots were examined to determine the soluble reducing sugar content by the method of Park and Johnson (22) ; glucose or mannose was used as the standard. One international unit of enzymatic activity corresponded to 1 mol of reducing sugar released per min.
PAGE and Western blot analysis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (Prosieve 50 gel; TEBU) was performed by using a vertical electrophoresis system apparatus (Amersham Pharmacia Biotech). Native PAGE was performed with precast 4 to 15% polyacrylamide gradient gels by using a Phast-System apparatus (Amersham Pharmacia Biotech). Gels were stained with Coomassie blue or were electrotransferred onto nitrocellulose BA 83 membranes (Schleicher & Schuell). After saturation, membranes were probed with polyclonal rabbit antibodies raised against Man5K (or Cel48F) purified from E. coli. Antibodies were detected by using anti-rabbit horseradish peroxidase conjugate and a chemiluminescent substrate (Amersham Pharmacia Biotech).
RESULTS
Sequence analysis of Man5K. The man5K gene was identified in the large cel cluster between cel9J and cel9 M (GenBank accession number AF316823). This gene encodes a 424-aminoacid protein which includes a putative N-terminal signal peptide. The cleavage site of this signal peptide might be located between Ala residues 25 and 26, at the typical signal peptidase I processing site Ala 23 -X-Ala 25 (Fig. 1A) . The mature protein, which contains 399 amino acids, has a calculated molecular mass of 45,072 Da and a predicted pI of 4.6. A typical dockerin domain, composed of a duplicated sequence consisting of 22 amino acid residues, was found at an unusual position (N terminus). Its sequence, although very similar to the sequences of the dockerin domains of the other 11 known cellulosomal enzymes from C. cellulolyticum, has several unique characteristics (Fig. 1B) . In the first duplicated sequence, an aspartate residue was found in place of an asparagine at the third position, and a serine was found in place of an aspartate residue at the ninth position. Furthermore, the lysine residues at the 17th and 18th positions in the consensus sequence are replaced in Man5K by two glutamine residues. In the second duplicated sequence, an asparagine residue was found at the fifth position in place of the aspartate residue that is usually found. The catalytic module, which belongs to family 5 of the glycosyl hydrolases, was found at the C terminus. The whole protein exhibits 62% identity with the cellulosomal mannanase ManA from C. cellulovorans (Fig. 1A) (27) .
Production, purification, and catalytic properties of rMan5K. The DNA sequence encoding the full-length mature protein was cloned in frame with a sequence encoding a His tag into the expression vector pET-22b(ϩ). The resulting plasmid, pET-K, was used to transform E. coli expression strain BL21(DE3). A fraction of the recombinant protein was processed when it was produced in E. coli; two proteins were therefore purified from the cellular extract on Ni-nitrilotriacetic acid agarose, and they had apparent masses of 46 and 39 kDa (Fig. 2A, lane 1) . The mass of the first protein was in good agreement with the expected size of the full-length mannanase (rFL-Man5K). Furthermore, its N-terminal sequence, determined by sequencing, perfectly matched the expected sequence for the entire protein. The analysis of the N terminus of the 39-kDa protein revealed that the truncated form of Man5K had lost most of the N-terminal dockerin domain (Fig.  2C ). This form was designated rT-Man5K. rFL-Man5K and rT-Man5K were subsequently separated by gel filtration chromatography ( Fig. 2A, lanes 2 and 3) .
The two purified proteins were analyzed to determine their enzymatic properties with CMC and two different galactosubstituted mannan substrates, LBG (mannose/galactose ratio, 4:1) and guar gum (mannose/galactose ratio, 2:1). Both enzymes efficiently degraded the two galactomannan substrates tested (Fig. 2B ) and exhibited very low (rT-Man5K; 1.2 IU/ mol) or undetectable (rFL-Man5K) activity with CMC. Both enzymes were found to be about 20% more active with LBG than with guar gum. Remarkably, the truncated mannanase showed fourfold-higher activity than FL-Man5K, whatever the substrate.
Production and purification of Man5K-enriched cellulosomes in C. cellulolyticum. To investigate the possibility of modifying the enzymatic composition of the cellulosomes secreted by C. cellulolyticum, we overexpressed the cellulosomal man5K gene in C. cellulolyticum by gene cloning in various expression vectors, expecting that the composition of the cellulosomes would depend mainly on the relative amounts of the different dockerin-containing enzymes. Man5K is the only known cellulosomal mannanase in C. cellulolyticum. An increase in the amount of this enzyme in the complexes should therefore be easily detectable by measuring the specific activities of the modified cellulosomes on the mannanase substrates and comparing these activities with those exhibited by the cellulosomes produced by wild-type strain ATCC 35319 and control strain ATCC 35319(pSOSzero). In order to overproduce Man5K at different levels in C. cellulolyticum, we constructed three different vectors, designated pSOS952K, pSOS954K, and pD3K, which were designed to encode Man5K. Each vector differs from the others by the promoter sequence; pSOS952 has the intact promoter of the Clostridium acetobutylicum thiolase gene (P thl ), pSOS954 has a mutated thiolase promoter (the wild-type Ϫ35 box TTGATA is replaced by the TTGATT sequence), and pD3 is expected to contain the cipC promoter (Table 1) . Plasmid pSOSzero, which does not contain any expression cassette (empty plasmid), was used as the control (24) . pSOS952 has been used previously to clone the cipC gene into the mutant strain cipCMut1 (16), leading to a well-produced and secreted recombinant CipC protein. In order to guarantee secretion of large amounts of the mature full-length mannanase in the Clostridium strain, we decided to keep the same signal peptide that was used for CipC overproduction. The DNA coding for the signal sequence of CipC was fused to the mature Man5K-encoding sequence and cloned in the three different vectors. The sequence surrounding the signal peptide cleavage site of CipC was used in the chimeric protein. Consequently, the N-terminal sequence of the recombinant mature protein was expected to differ slightly from the native Man5K sequence (Fig. 3C) , allowing its identification. The C. cellulolyticum transformants were isolated by plating cells on erythromycin-containing solid medium. The plasmids were detected in the cells by PCR and by agarose gel electrophoresis of total DNA, as previously described (14) (data not shown). The amount of Man5K associated with the cellulosomes was evaluated for the five different strains (wild type, control, D3K, 952K, and 954K [ Table 1 ]) cultivated in liquid medium supplemented with MN300 cellulose. The secreted proteins bound to residual cellulose (referred to as the Fc fraction) were purified from a 6-day-old culture of each strain and analyzed by SDS-PAGE (Fig. 3A) . A high-intensity band composed of proteinaceous components at an apparent M r of 44,000 was detected by Coomassie blue staining in the Fc fractions purified from the 952K and 954K strains, but not in the Fc fraction from the D3K strain or in the Fc fractions from the wild-type and control strains. The molecular mass of this protein (44 kDa) was in good agreement with the expected size for the full-length mannanase (45,027 Da). The thickness of the bands revealed by specific polyclonal antibodies raised against Man5K confirmed that the 44-kDa protein overproduced by the 952K and 954K strains was Man5K (Fig. 3B) . The trans-produced enzyme comigrated with the natural mannanase synthesized from the chromosomal gene in all strains tested. N-terminal sequence analysis of proteins located in the thick 44-kDa bands identified for the 952K and 954K strains revealed only one protein species. The sequence perfectly matched the expected N-terminal sequence for the mature rMan5K (Fig. 3C) , indicating that the native protein produced from the chromosomal gene was a minor component of these bands. This result also showed that the CipC signal peptide grafted on Man5K was processed and that the overproduced mannanase carried its N-terminal dockerin domain.
The cellulolytic system compositions of strains 954K and 952K were found to be not identical, as revealed by the SDS- (Fig. 3A) . A larger amount of Man5K appeared to be present in the Fc fraction from the 952K strain than in the Fc fraction purified from the 954K strain. The Man5K/CipC and Cel48F/CipC ratios were calculated from a densitometric analysis of the SDS-PAGE patterns of the Fc fractions purified from the wild-type, control, 952K, and 954K strains. The Man5K/CipC ratio was found to be twofold higher in the 952K Fc fraction than in the 954K Fc fraction and sevenfold higher in the Fc fraction from the 954K strain than in the Fc fraction from the control strain (Fig. 4) . On the other hand, we observed that the Cel48F/CipC ratios in the 954K and 952K Fc fractions were only 30 and 40% lower, respectively, than the ratio obtained for the control strain. All these results clearly show that Man5K was overproduced and secreted as a mature full-length mannanase by strains 954K and 952K but not by the D3K strain. Moreover, strain 952K produced twofold more mannanase than strain 954K produced.
To check the incorporation of Man5K into the cellulosomes and to detect potential free enzymes, we analyzed the Fc fractions of the different strains separated in a native polyacrylamide gel by Western blotting with antibodies raised against Man5K (Fig. 5) . In the Fc fraction from strains 954K and 952K, Man5K was found almost exclusively in the enzymatic complexes. Man5K was not detected in the complexes from the wild-type, control, and D3K strains in the experimental conditions used. Conversely, Cel48F, the major cellulosomal enzyme, was detected by specific antibodies in the cellulosomes from all strains studied. Similar to the results for Man5K, no free Cel48F was found in any of the Fc fractions. Thus, Cel48F and Man5K were mainly found to be incorporated into the cellulosomes in the Fc fractions of the 952K and 954K strains. Catalytic properties of Man5K-enriched cellulosome fractions. We showed that the Fc fractions from 952K and 954K contained large amounts of cellulosomal Man5K. In order to measure the impact of this mannanase enrichment on the enzymatic properties, the activities of the Fc fractions were tested with various substrates, including the galactomannan substrates guar gum and LBG and the cellulosic substrates CMC and Avicel. On both galactomannan substrates, a basal specific activity of ϳ0.09 IU/mg was obtained for the wild-type and control Fc fractions (Fig. 6) . The Fc fractions collected from the 952K and 954K strains had identical specific activities on the galactomannan substrates; these specific activities were 20 times higher than the basal specific activity. Both Fc fractions were more active with LBG than with guar gum. The Fc fraction from strain D3K did not show increased activity with the galactomannan substrates compared to the wild-type and control Fc fractions (data not shown). With cellulosic substrates, both modified Fc fractions displayed lower activities than the wild-type and control Fc fractions. On the other hand, the 952K Fc fraction displayed 40 and 20% lower activity than the 954K Fc fraction on CMC and Avicel, respectively. Thus, the Fc fraction which contained the largest amount of mannanase (952K) was the least active Fc fraction against cellulosic substrates.
DISCUSSION
In C. cellulolyticum, 12 genes encoding cellulosomal catalytic subunits have been discovered so far. Most of these genes code for cellulases. Nevertheless, it has been shown that C. cellulolyticum cellulosomes (9) can degrade, in addition to cellulose, other plant cell wall polysaccharides. In some cases, these extra activities may be due to the ability of cellulases to degrade related substrates, such as xylan (5, 6) , but it has also been shown that cellulosomes contain genuine pectinase (Rgl11Y, 21) and xylanases (17) . Recently, a gene likely to encode a family 5 mannanase was found. The enzyme, designated Man5K, is highly homologous to the ManA enzyme produced by C. cellulovorans. Moreover, the two enzymes have the same unusual feature: a dockerin domain located at the N terminus and not at the C terminus, which is the case in all other cellulosomal enzymes secreted by both bacteria (27) . ManA was characterized as an endo-acting ␤-1,4-mannanase active on glucomannan and galactomannans. Endomannanases are synthesized by bacteria and fungi, and their catalytic modules have been classified into glycosyl hydrolase families GH5 and GH26 (http: //afmb.cnrs-mrs.fr/ϳcazy/CAZY/index.html). While GH26 enzymes exhibit activity only with mannans, several GH5 mannanases display some activity with cellulosic substrates (4). Recombinant C. cellulovorans ManA was purified from E. coli as a truncated form in which the dockerin domain was removed. As observed for recombinant ManA (rManA), rTMan5K and rFL-Man5K exhibited greater activity with LBG (a less galacto-substituted mannan) than with guar gum. Nevertheless, the C. cellulolyticum enzyme showed some enzymatic characteristics which were different from those established for ManA. rManA is fivefold less active with guar gum (3.0 IU/mg) than rT-Man5K (15.4 IU/mg; 613 IU/mol). In addition, low but significant activity of rT-Man5K was detected with CMC (0.03 IU/mg; 1.2 IU/mol), in contrast to rManA, for which carboxymethyl cellulase activity was undetectable. Surprisingly, the full-length Man5K was found to be four to five times less active with LBG and guar gum than the truncated form of the mannanase. Similar observations were made for the endocellulases Cel5A and Cel8C; in the latter cases it has been shown that deletion of the C-terminal dockerin improved the carboxymethyl cellulase activities approximately twofold (5, 6) . The lower specific activities of the full-length mannanase on galactomannan substrates might be explained by high flexibility of the dockerin domain; in the free state, the dockerin domain might interact with the catalytic module and diminish its efficiency.
With the aim of overproducing Man5K in C. cellulolyticum, we used three plasmids having different promoters, pSOS952K, pSOS954K, and pD3K. We observed that the pD3K plasmid did not lead to overproduction of Man5K, thus suggesting that the 377-base DNA strand expected to contain the cipC promoter is not functional. In contrast, trans production of Man5K was successful when we used either intact P thl (strain 952K) or mutated P thl (strain 954K). Furthermore, the Fc fraction from the 952K strain was found to contain about twice as much mannanase as the Fc fraction from the 954K strain. This suggests that the mutated thiolase promoter directed weaker expression of the cloned gene in strain 954K.
Native gel Western blot analysis of the 952K and 954K Fc fractions (Fig. 5) indicated that Man5K was found almost exclusively in the cellulosomes. The major cellulases Cel48F and Cel9E were also found to be located almost exclusively in these complexes (data not shown). In concentrated culture supernatants, only trace amounts of Man5K and Cel48F were detected in the free state (data not shown). Man5K and Cel48F may therefore coexist as major components in the cellulosomes. These results are in good agreement with the results of previous biochemical studies, which indicated that the cohesindockerin interaction is not enzyme specific in a given species (7, 8, 19) . Altogether, the data show that the enzymatic composition of cellulosomes is obviously regulated by the relative amounts of the enzymes available to be incorporated into the complexes. In the Man5K-overproducing strains, the mannanase units synthesized in large amounts might replace some natural cellulosomal enzymes or interact with unoccupied cohesins. Surprisingly, no major cellulosomal cellulases were found in the free state, which suggests that the major part of these enzymes was incorporated into the cellulosomes. It is possible that these enzymes are synthesized less in the recombinant strains and/or that these enzymes are degraded when they are not translocated and assembled into the cellulosomes.
Man5K enrichment induced a drastic increase in the cellulosome activity against galactomannan substrates compared to wild-type and control cellulosomes. The free rFL-Man5K and rT-Man5K and the Man5K-enriched cellulosomes preferred mannan with a low level of galacto substitution as the substrate (LBG). Incorporation of large amounts of Man5K concomitantly reduced the specific activity of the Fc fraction with cellulosic substrates. The decrease in cellulolytic activity appeared to be correlated with the amount of incorporated mannanase, since the 952K Fc fraction was 20 and 40% less active than the 954K Fc fraction on Avicel and CMC, respectively. The decrease probably reflected the addition of mannanase molecules in incomplete cellulosomes and/or replacement of cellulases by mannanases within the complexes.
No significant difference was observed between the specific activities exhibited by the two Fc fractions from strains 952K and 954K with galactomanann substrates. However, the cellulosomes from strain 952K have been shown to contain twofold more mannanase than the cellulosomes from strain 954K. The latter content was therefore sufficient to obtain the optimal activity with galactomannans in the experimental conditions used. Incorporation of additional mannanases into the complexes (strain 952K) did not lead to an increase in the rate of hydrolysis. It is hypothesized that only limiting amounts of hydrolyzable bonds are available in the vicinity of the complexes.
In previous work, an antisense RNA strategy was used to reduce the content of Cel48F produced by C. cellulolyticum ATCC 35319(pSOSasrF). A three-to fourfold decrease in the Cel48F content of the cellulosomes led to a 20% reduction in the specific activity with Avicel (24) . The present work showed that the composition of the cellulosomes produced by C. cellulolyticum can be efficiently engineered in clostridia by structural gene expression instead of regulatory gene expression. Two strains producing different levels of mannanase were engineered. Other promoters should be examined in order to adapt more precisely the enzymatic composition of the complexes to the substrate to be degraded (pure cellulose or heterogeneous cellulosic substrate). New enzymatic activities might also be added by this method in order to tentatively increase the rate of hydrolysis of complex polysaccharides, like those found in the plant cell wall.
